We aimed to determine whether the TCR repertoires of Crohn's disease (CD) patients contain highly prevalent disease-specific T-cell clonotypes reflective of the characteristic and highly shared aberrant serum antibody reactivity to gut commensal flagellin antigens. The CD4 TCRβ CDR3 sequence repertoires from active CD (n = 20) and ulcerative colitis (UC) (n = 10) patients were significantly more diverse, and individual sequences over-represented, compared to healthy controls (HC) (n = 97). While a very small number of expanded public CDR3 sequences are highly shared between active CD and UC, the majority of significantly expanded TCRβ CDR3 clonotypes are private to CD and UC patients with equivalent prevalence among IBD patients. Further defining TCR clonotypes by Vβ-CDR3 linkage showed significant differences in the TCR repertoires between UC and CD. Flagellin antigen exposure induced expansion of several TCRβ CDR3 sequences in CD4 cells from a flagellin-seropositive subject including sequences highly shared by or relatively private to CD (and UC) patients. These data suggest that flagellin-reactivity contributes to the expansion of a small number of CD4 clonotypes but does not support flagellin antigens as predominantly driving CD4 cell proliferation in CD. Diseasespecific expanded TCRβ CDR3 clonotypes characterize CD and UC and the shared exposure to the gamut of gut microbial antigens.
INTRODUCTION
Inflammatory bowel disease (IBD) results from excessive activation of the mucosal immune system by gut microbes, an outcome enabled by a dysregulated immune response or a defective epithelial barrier. Although risk of Crohn's disease is associated with major genomic loci linked to innate immune function, the activated adaptive immune response also contributes to the pathologic effects of the inflammation. The importance of the adaptive immune response in IBD is demonstrated by the requirement for microbial antigen-reactive T cells to induce experimental colitis in animal models of Crohn's disease. 1 In these murine models, T-cell-mediated damage occurs only in the presence of established gut microbiota. 2, 3 In Crohn's disease, gut microbes induce both aberrant B-and T-cell reactivity to microbial antigens. B-cell immune memory in IBD, demonstrated by seropositivity for certain microbial antigens, is not only characteristically shared by Crohn's disease patients but it even predicts the clinical course of disease. 4, 5 T cells from Crohn's disease patients can display inflammatory reactivity to flagellin and other microbial antigens. 6, 7 Since B-cell immunoglobulin class switching requires interaction with CD4 T cells reactive to epitopes of the same antigen, we sought to determine whether Crohn's disease patients also shared characteristic T-cell clonotypes that reflect this shared antibody reactivity to the same microbial antigens. 8, 9 The identification of highly shared disease-associated T-cell clonotypes that are expanded and activated in Crohn's disease by a small set of antigens could help assess their status as highvalue targets for novel diagnostic and therapeutic strategies.
Antigen-specific T-cell reactivity is largely conferred by the highly variable complementarity-determining region 3 (CDR3) of the T-cell receptor (TCR), composed of α and β chains, that interacts with the antigen peptide-MHC complex. Sequence analysis of the TCRβ chain CDR3 region shows that there are 0.5-3×10 6 unique TCRs per person and perhaps up to 20 million overall. [10] [11] [12] While there are identical TCRβ CDR3 sequences that are highly shared among a healthy population, so-called "public" sequences, the potential for numerous TCRα pairings, V and J region use, and the different HLA backgrounds among individuals challenge the assumption that these shared TCRβ sequences will confer equivalent recognition of the same antigen. 13 On the other hand, it is clear that highly shared TCRs characterized by the same Vβ usage or the same TCRβ CDR3 sequence is observed after infections, antigen-driven autoimmune inflammation and even vaccination. 14, 15 Such observed TCR bias or oligoclonality has been proposed to be categorized as Type I (conserved V chain, TRBV or TRAV gene, use with non-conserved CDR3 sequences), Type II (conserved TRBV or TRAV gene use with conserved CDR3 sequences but random J chain, TRBJ or TRAJ gene, use), Type III (complete TCRβ and/or TCRα V-D-J conservation) and Type IV (a modification of Type III where minor CDR3 sequences differences occur). 15, 16 Therefore, it could be hypothesized that the combination of excess exposure to common, perhaps "immunodominant", gut microbial antigens, together with the potential for promiscuous antigen binding among HLA backgrounds, could result in disease-relevant (healthy control vs IBD, Crohn's disease vs ulcerative colitis) TCR bias or oligoclonality at differently defined levels of clonotype (e.g. shared TCRβ CDR3 sequences only or shared Vβ-TCRβ CDR3 pairing). 12 In this study we compared the TCRβ CDR3 sequences and Vβ linkage in independent groups of active and inactive Crohn's and ulcerative colitis patients compared to a healthy reference population. We found that IBD patients shared significantly diverse repertoires of expanded TCRβ CDR3 sequences that distinguished them from healthy controls but which at this level of clonotype definition were similar between Crohn's disease and ulcerative colitis. Comparison of Vβ-CDR3 linkage, however, showed that Crohn's disease TCR repertoires could be significantly different from ulcerative colitis. Furthermore, flagellin antigens stimulated proliferation of a small number of public and relatively private clonotypes but did not identify a dominant clone or set of clones that was specific to Crohn's disease. These data support significant expansion of disease-related TCRβ CDR3 sequence repertoires in Crohn's disease and ulcerative colitis that may reflect the excessive exposure to a broad variety of gut microbial antigens that accompany the gut inflammation in both IBDs.
MATERIALS AND METHODS

Patient enrollment
Patients with verified IBD (endoscopic, radiographic, and histologic criteria) signed an IRB-approved protocol consent explaining specimen collection procedures, study rationale, and risk. Active disease status was defined as a Harvey Bradshaw score ≥5 for Crohn's disease or a Simple Clinical Colitis Activity Index of ≥4 for ulcerative colitis and confirmed by endoscopy or imaging.
TCRβ CDR3 sequencing and repertoire alignment Peripheral blood mononuclear cells were isolated by standard Ficoll gradient separation from whole blood (50 mL) within 4 h of collection. Isolation of lamina propria mononuclear cells from endoscopic biopsies was done as previously described. 17 After CD14-depletion, CD4 cells were isolated by magnetic CD4 Microbeads (Miltenyi Biotec GmbH) and processed for total RNA (RNeasy, Qiagen, Valencia, CA). RT-PCR reactions were conducted using a set of commercially available nested sequence-specific primers covering human V-beta genes (forward primers) and constant C-beta primers (reverse primers) (iRepertoire Inc., Huntsville, AL). An Illumina paired-end sequencing communal primer B was linked to each forward inside V-beta primer. Illumina paired-end sequencing communal primer A and a barcode sequence of 6 nucleotides were linked to the reverse inside Cbeta primer. In brief, cDNA was reverse transcribed from 50 ng of total RNA sample using a mixture of forward V-beta and reverse Cbeta primers and reagents from the OneStep RT-PCR kit (Qiagen). The first round of RT-PCR was performed at: 50°C, 41 min; 95°C, 15 min; 94°C, 30 s, 60°C, 5 min, 72°C, 30 s, for ten cycles; 94°C, 30 s, 72°C, 3 min, for ten cycles; 72°C, 5 min. After the first round of PCR, 2 µL of PCR1 product was added to 48 µL of PCR2 Multiplex Mix (Qiagen). The second round PCR was performed with a set of communal primers that complete the Illumina adaptor sequences at: 95°C, 15 min; 94°C, 30 s, 72°C, 90 s, for 30 cycles; 72°C, 5 min. After PCR2, 50 µL of PCR2 product was run on an 2% agarose gel to assess amplification success. Amplicon bands were excised and gel purified using a Qiaquick Gel Purification kit (Qiagen) per manufacturer's instructions, and the final library was eluted in 37 µL of nuclease-free water. The TCR beta libraries were pooled and sequenced with Illumina HiSeq 2500, v4 250 cycle kit using 125 paired-end reads through the Genome Services Laboratory (GSL) at HudsonAlpha Institute for Biotechnology (Huntsville, AL). The output of the TCR beta sequence covers within the third framework region through the CDR3 and the beginning of the constant region. The sequence information for all primers used for the library preparation can be found in US Patent Office (US9012148).
Raw data were analyzed using the previously described iRmap program. 18, 19 Briefly, sequence reads were de-multiplexed according to barcode sequences at the 5′ end of reads from the TCR beta constant region. Reads were then trimmed according to their base qualities with a 2-base sliding window. If either quality value in this window was lower than 20, the sequence stretches from the 3′ end were trimmed out from the original read. Trimmed pair-end reads were joined together through overlapping alignment with a modified Needleman−Wunsch algorithm. If paired forward and reverse reads in the overlapping region were not perfectly matched, both forward and reverse reads were thrown out without further consideration. The merged reads were mapped using a Smith−Waterman algorithm to germline V, D, J, and C reference sequences downloaded from the IMGT website. 20 To define the CDR3 region, the position of CDR3 boundaries of reference sequences from the IMGT database were migrated onto reads through mapping results, and the resulting CDR3 regions were extracted and translated into amino acid sequences.
CD4 cell proliferation studies Isolated CD4 cells were cultured overnight in serum-free medium supplemented with IL-2 (20 μg/mL). Autologous APCs were isolated from whole PBMCs by adherence to plastic culture plates after 45 min and then incubated with antigens overnight (CBir1 or A4 Fla2 flagellin (10 μg/mL), tetanus toxoid (5 μg/mL)), as well as no antigen (negative control) or anti-CD3/28 beads (cells:beads 5:1 ratio (Miltenyi Biotech GmbH), positive control). The APCs were washed twice and then incubated (1:10 ratio APCs:CD4 cells) with CD4 cells (10−50×10 6 cells/mL in 0.1% human AB serum in PBS) that had been loaded with CFSE (5 μM DMSO, incubated in the dark for 8 min at 25°C, quenched with 100 μL 2% human AB serum in PBS, incubated for 10 min at 37°C, washed and resuspended in culture medium). After 4 days, cultures were processed for multi-color flow cytometry to assess proliferation (CFSE low ) or RNA extraction for CDR3 sequence analysis.
Statistical analysis
Calculations of TCRβ CDR3 sequence diversity were determined across a range of α = 0 to α = 4 by a step size of 0.2 according to the methodological steps of the bioinformatics framework presented by Grieff et al. 21 That is, for an individual with n total clonotypes observed, the α-parameterized diversity is
1Àα in which f i represents the frequency of species i. A one-way analysis of variance (ANOVA) adjusted for unequal sample sizes with the Welch correction was performed to assess the influence of patient group on diversity across the α levels of interest. To further specify significant pairwise differences, Tukey's honest significant difference (HSD) was considered for post-hoc analyses. Fisher's exact test was used to determine whether the frequencies of TCRβ CDR3 clonotypes varied between the patient groups; no adjustment for multiple comparisons was applied due to exploratory nature. V β usage bias among the combination of all expanded TCR repertoires was examined with ANOVA using Tukey's HSD to make post-hoc pairwise comparisons between patient groups. The identification of usage differences about specific Vβ primers with CDR3 clonotypes was completed with Negative Binomial regression with multiple testing using false discovery rate. Differential abundance analysis via Negative Binomial regression normalized by the trimmed mean of M values algorithm was used to model count variability of Vβ selection within a given CDR3. All resulting probability values found to be less than a decision rule of 0.05 were noted as significant. Statistical and graphical analyses were computed with R v3.3.3 via the Bioconductor package edgeR dependent upon the highperformance computing resources of the University of Alabama at Birmingham Cheaha cluster. Additional packages used along with the built-in functions included edgeR, ggplot2, gplots, HMP, and onewaytests.
RESULTS
The IBD TCRβ CDR3 repertoire is significantly diverse There was an average of 4,211,279 ± 2,589,178 (mean ± SD) total reads per sample, of which 217,458 ± 78,247 were unique sequences in each patient's CD4 CDR3 repertoire. The vast majority of these unique sequences were private (i.e. found in only one individual 87% for HC, 94% for active CD, 97% for active UC) though there were a small number of sequences that were highly shared by patients within each group (active Crohn's, active UC and controls) (Suppl Fig. 1 ). The numbers of reads were not significantly affected by disease, disease activity, concomitant medications, or total lymphocyte counts though inactive Crohn's disease patients had lower numbers of unique CDR3 sequences compared to active Crohn's disease patients (Table 1 shows demographic and clinical parameters). Furthermore, contamination was also not a factor affecting results as the composition of PCR-generated nucleotide sequences that gave the same deduced amino acid CDR3 sequences were different among patients sharing the same CDR3 clonotype.
The primary analysis included only TCRβ CDR3 sequences that were expanded at 100 copies or more, assuming this population would be enriched for clonotypes relevant to active disease. We compared the CDR3 repertoire among the groups using a statistic that measured diversity by accounting for both numbers of unique sequences as well as their abundance (RNA copy numbers). Figure 1 shows that both Crohn's disease groups and active UC had significantly different diversity compared to healthy controls, while the inactive UC diversity measure was not significantly different from controls. This significance persisted across a range of conditions (varying the alpha level) dominated either by excessive numbers of single copy sequences or highly expanded clonotypes supporting the robust character of the IBD CDR3 repertoire (the same significant differences in diversity persisted when all clonotypes regardless of copy number were analyzed (data not shown)).
The IBD repertoire of expanded TCRβ CDR3 sequences is different from healthy controls but similar between active Crohn's disease and ulcerative colitis patients We next determined whether there were T-cell receptor clonotypes that were specifically associated with Crohn's disease by testing for increased frequency of TCRβ CDR3 sequences that were not only expanded (increased expression of individual CDR3 sequences) in active Crohn's disease but also highly shared among Crohn's disease patients. Figure 2 shows the frequency distribution of individual CDR3 sequences (expanded at ≥100 copies) that were shared among patients in the active Crohn's disease group compared with the identical CDR3 sequence shared within other comparison groups (healthy controls, active ulcerative colitis, and a separate group of inactive Crohn's disease). Compared to healthy controls, there were 2347 expanded CDR3 sequences (out of 77,572 total) that were found to be shared at significantly higher frequencies among 10−90% of active Crohn's disease patients (Fig. 2a, red bubbles ). There were far fewer (11 sequences) that were expanded significantly more frequently in healthy controls compared to active Crohn's disease (Fig. 2a, purple bubbles) . Comparing active Crohn's disease against active UC, there were very few CDR3 sequences (7 sequences) that were expanded in a "Crohn's specific" way (Fig. 2b, red bubbles) . The CDR3 sequences that were significantly expanded in Crohn's disease were also expanded in active UC at similar frequencies (Fig. 2b, blue bubbles) . Moreover, many of the expanded CDR3 sequences in active Crohn's disease were expanded at similar frequencies in an independent group of inactive Crohn's disease patients (Fig. 2c, blue bubbles) . Whether the cell phenotype (e.g. effector, memory or regulatory) of the shared CDR3 clonotype in active vs remitted disease is the same is unknown.
Similar results were seen for shared CDR3 sequence frequencies in active UC compared to controls, active Crohn's disease and inactive UC. Compared to healthy controls, there were 797 CDR3 sequences (out of 55,359 total) that were found to be shared at significantly higher frequencies among 20−90% of active UC disease patients (Fig. 2d, red bubbles) . There were more clonotypes that were significantly expanded in active UC (597) vs 
active Crohn's (Fig. 2e , red bubbles) though most of these were relatively private, expanded in only 20−30% of the active UC patients. Similar to Crohn's disease, many of the expanded CDR3 sequences in active UC were expanded at similar frequencies in an independent group of inactive UC patients (Fig. 2f ).
Significant differences in CDR3-Vβ linkage occurs among shared expanded CDR3 sequences in active Crohn's disease and ulcerative colitis patients To look further into possible differences in the TCR repertoires between CD and UC patients, we first looked at Vβ usage by CD4 cell TCRβ CDR3 sequences. Summary statistics of Vβ usage by the overall CDR3 repertoire was fairly similar between Crohn's and UC while significantly different from healthy controls (Table 2) . However, when using a finer definition of clonotype, that is specific Vβ pairing with the same CDR3 sequence within groups of active Crohn's disease and active UC for instance, differences in oligoclonality for Vβ-CDR3 pairings are detected. For instance, testing for significant differences in Vβ usage by the top 20 most highly shared CDR3 sequences in the active CD group (also found at 40−90% prevalence in the active UC group, see Fig. 2b) Figure 2) . The highly shared CDR3 sequence ASSPSTDTQY (found in Crohn's disease 90%, ulcerative colitis 90%, and healthy controls 64%) has no significant differences in Vβ usage in Crohn's disease vs ulcerative colitis and in fact share many of the Vβ-CDR3 linkages proportionately throughout the repertoire. In contrast, the highly shared CDR3 sequence ASSPQETQY (found in Crohn's disease 85%, ulcerative colitis 90%, and healthy controls 27%) has significantly different Vβ-CDR3 especially with TRBV6-3 and 7-2 where the ratio of usage is reversed (Suppl. Figure 2 and Suppl. Table 1 ).
To further investigate the prevalence of differences in oligoclonality based on Vβ-CDR3 pairing in Crohn's disease and ulcerative colitis, we tested for significant Vβ usage in all the CDR3 sequences shared by 15% or more of active Crohn's patients (total 1100) compared to active ulcerative colitis. Below the 15% level, numbers of patients per group (≤2) were so small as to preclude any chance of getting a significant result. Figure 3 shows the percentage of CDR3 sequences that have significantly different Vβ usage compared to ulcerative colitis at each level of their sharing among the active Crohn's disease group. The total number of sequences analyzed was 1100. So for instance, of the four expanded CDR3 sequences (Fig. 3 , dotted line) that are shared by 90% of Crohn's disease patients, 25% (1 of 4) ( Fig. 3 blue bar; also see Suppl. Table 1 ) had significantly different Vβ usage compared to the active ulcerative colitis group; of the 40 CDR3 sequences shared by 35% of Crohn's disease patients, 25% of them had significantly different Vβ usage. These data show two things, first that Crohn's disease and ulcerative colitis patients can share identical clonotypes based on Vβ-CDR3 pairings and that Vβ usage by CDR3 can be significantly different between the two disease groups.
The majority of TCRβ CDR3 sequences expanded in lamina propria CD4 cells in active Crohn's disease are also expanded in the peripheral blood Lastly, we investigated whether expanded clonotypes isolated from active Crohn's disease colonic tissue (endoscopic biopsies) were similarly represented in the peripheral blood compartment. We amplified the CDR3 repertoire from the LP T cells isolated from colonic biopsies and compared them to T cells isolated from paired peripheral blood (PB). Each patient (n = 5) had 5190 ± 257 (mean ± SEM) unique CDR3 sequences that were expanded at >100 copies in the LP and/or PB T-cell populations (13,830 total unique sequences in this dataset overall) with 33 ± 7% sequences found in both PB and LP repertoires, 51 ± 7% only in PB and 16 ± 0.7% found in the LP only (576 private sequences seen in the LP of only one of the patients, 268 shared by 2 patients and 10 shared by 3 patients, Suppl. Figure 3) . These data show that of all the CDR3 sequences expanded in the LP of active Crohn's patients, two thirds are found expanded in the patient's PB and one third expanded only in the LP.
Flagellin antigens expand IBD clonotypes in vitro
To test whether we could identify gut microbial antigen-specific CD4 cells belonging to the highly shared or "Crohn's-specific" expanded CDR3 sequences, we studied a patient with Crohn's colitis who was seropositive for anti-A4-Fla2 and anti-CBir1 antibodies. Incubation of isolated CD4 cells with autologous antigen-presenting cells induced proliferation of populations of CD4 cells after polyclonal T-cell stimulation (anti-CD2, CD3 and CD28 beads), common vaccine antigen tetanus toxoid and the cognate flagellin antigens that react with anti-CBir1 and A4-Fla2 antibodies (Fig. 4) . We repeated the proliferation assay, collecting the cells after 4 days and sequencing the CD4 TCRβ CDR3 repertoire to compare the effects of polyclonal T cell vs antigenspecific stimulation on expansion of CD4 clonotypes in order to identify candidate antigen reactive CRD3 sequences based on differential expansion. Table 3 shows the copy numbers of the top expanded sequences induced by A4 Fla2 or polyclonal T-cell stimulation vs no stimulation. Clonotype expansion was expressed as the fold-increase in sequence copy number from the flagellin antigen culture over the control culture and compared to proliferation induced by polyclonal T-cell receptor stimulation. Focusing on sequences that were greater than twofold amplified by A4 Fla2 exposure compared to polyclonal T-cell stimulation, we found two sequences expanded preferentially by A4 Fla2 exposure that were previously identified in our independent group of active Crohn's patients among the significantly expanded TCRβ CDR3 sequences (>100 copies) compared to controls, ASSSYNEQF, and SASRNTEAF. The CDR3 sequence ASSSYNEQF is notable in that it is found in 100% of the Crohn's patients and 55% of the controls at any copy number level but is only significantly expanded in active Crohn's disease 55% vs 7% of controls, p < 0.000001. In addition, there were other CDR3 sequences that met the level of >2-fold antigen-specific proliferation but were seemingly private to the patient (e.g. ASSLGANRGNTIY and ASSEPTGGSEAF). Extending this analysis of A4 Fla2-expanded CDR3 sequences to the dataset of all CDR3 sequences in active
Crohn's disease and controls regardless of copy number, we actually identify more sequences as candidate A4 Fla2-reactive clonotypes that are shared significantly more frequently in active Crohn's disease vs healthy controls. For instance, the clonotypes SARTAVNTEAF, ASSRRMNTEAF, ASRFDTEAF, and SARTASNQPQH are all significantly associated with the active Crohn's disease group but at a level <100 copy number which excluded them from the primary analysis
DISCUSSION
The main aim of this study was to determine whether Crohn's patients shared a T-cell receptor repertoire reflective of the shared B-cell reactivity to certain flagellin antigens. The data show that a relatively small number of expanded TCRβ CDR3 clonotypes are highly shared not only among Crohn's patients but also between Crohn's and UC patients. The surprising degree of sharing of expanded TCRβ CDR3 sequences among Crohn's and UC patients might have been anticipated since the gut inflammation in both diseases confers excessive exposure of mucosal immune cells to prevalent microbial antigens. TCR bias, the emergence of a TCR repertoire with conserved V regions and/or CDR3 sequences during an immune response, has been observed during chronic exposure to microbes as well as during autoimmune inflammation. 18, 22, 23 While IBD is not considered an infectious disease or strictly an autoimmune inflammation, the fact that Crohn's disease patients develop shared serum antibody reactivity to a number of gut commensal microbial antigens, especially flagellins, implicates exposure to microbes that drives the ongoing inflammatory response. Why similar antibodies do not develop in UC patients is not clear. However, while not fully elucidated, the mechanisms for the susceptibility to colitis in each disease are not thought to be identical either. It is hypothesized that a dysregulated innate immune response in Crohn's disease drives an adaptive reactivity to immunodominant gut commensal bacterial antigens. On the other hand, the lack of aberrant B-cell reactivity to the same flagellins in UC could reflect the fundamental difference in mechanisms of susceptibility to colitis between the diseases as well as point to differences in the function of T and B cells in these diseases. 24 For instance, defective epithelial barrier function (as a mechanism of disease for ulcerative colitis) could allow an excessive exposure of microbial antigens to an overwhelmed but otherwise intact innate immune response, resulting in lack of dysregulated antibody responses but driving an adaptive T-cell response to similar antigens. Early studies into specific infectious or autoimmune causes for IBD had demonstrated T-cell receptor bias in the healthy human intestine. Data show that both intraepithelial lymphocyte and lamina propria T cells have preferential Vβ usage within an individual, but shared TCR Vβ bias has been more difficult to show between individuals. [25] [26] [27] In IBD studies, most existing reports on TCR bias have relied on PCR-and immunohistochemistrygenerated data to describe TCR Vβ frequencies in individual subjects at the peripheral blood and gut tissue level. No consistent Vβ usage pattern was robustly demonstrated as pathognomonic of IBD although Vβ6 has been singled out for its predominant use among patients across studies and may differentiate intestinal T cells from peripheral T cells. Our data confirm a significant preference for Vβ6.3 usage in the peripheral blood CD4 TCR repertoires of both active CD and UC patients, and significantly less usage of Vβ6.1, 6.5, 6.6, 6.8 and 6.9, compared to the healthy control group.
Newer studies of TCR repertoire bias in IBD have used high throughput sequencing of DNA and RNA to define CDR3 amino acid sequence diversity and abundance. Consistent with our data, clonotypes defined by TCRβ CDR3 sequence have been shown to be expanded in the lamina propria and are present in the peripheral blood as well and persist in tissue during inactive disease; however, the degree of sharing among patients and healthy controls had not been established. [28] [29] [30] [31] A recent report using NexGen sequencing to analyze TCRα and β CDR3 regions in cells from blood and surgical specimens of Crohn's patients identified several clonotypes from the tissue that were shared from 11 to 41% of the 17 patients, and at frequencies of 0.13 to 28.9% of total sequences; this is consistent with our findings although these expanded clonotypes are vastly larger (no individual clone in our dataset is larger than 0.1% of the total sequences) and they include CD4 and CD8 populations. 29 Similarly another report of TCR repertoire in the inflamed gut of Crohn's patients found clonal expansion of single clones at up to 58% (no analysis of sharing among the 19 patients studied), though this could reflect the low numbers of clonotypes examined (5000 per sample) and use of 454 sequencing technology. 32 Moreover, in several reports, the predicted amino acid sequence of the largest clones' CDR3 regions from specific individuals could also be found in our dataset such as SARGDSNQPQH seen in one and ASSSGTSGYNEQF seen in three of our active CD patients (these reports do not show sharing of these regions among their small numbers of patients, but they were seen in 5−15% of our active Crohn's patient CDR3 sequence dataset). 33 Our focus on CD4 CDR3 clones characterized by high copy number was intended to identify T cells that were likely to be enriched for disease-relevant antigen-reactive clonotypes. Our data show that the degree of shared expanded CDR3 sequences within and between active CD and UC patients is higher compared to healthy controls. This is not unexpected in the setting of a chronic active intestinal inflammation where continuous exposure to microbial antigens can provide TCR stimulation for clonal expansion. It was recently shown that healthy humans have a highly heterogeneous memory T-cell reactivity for selected intestinal bacterial species, similar to IBD patients, but T-cell clonotype sharing, reactive or otherwise, among subjects was not reported (only three subjects were presented for analysis of clonotype sharing defined by Vβ usage of T cells reactive to bacterial lysates). 34 Interestingly, we found a startling similarity in the repertoire sharing of expanded clonotypes between independent groups of Crohn's patients who were studied during active or inactive disease states. This suggests that expanded diseaserelevant clonotypes may be long-lived, perhaps maintained by continued antigen exposure, but whether they persist over time as the same phenotype (T eff vs T reg for example) remains to be tested. Clonotypes are also widely shared between inflamed and non-inflamed areas of the gut within the same subject. 32 When we looked at sequences expanded in the lamina propria, in most of the patients these clonotypes were not expanded as often in the peripheral blood, but there were 25-43% of sequences similarly expanded in both compartments and 4.9−7.0% with expansion restricted to the gut tissue alone.
The long-term goal of this work is to determine whether the sharing of CDR3 sequence clonotypes or Vβ-CDR3 oligoclonality that we have shown in Crohn's disease and ulcerative colitis is an important primary feature of the dysregulated immune response or a secondary feature of the intestinal inflammatory damage and dysbiosis. Crohn's disease is unique in this regard as the characteristic B-cell antigen-reactive antibody responses to certain microbial antigens, flagellins among them, can serve as a link to T-cell immune memory given the requirement for interaction of antigen-specific T cells with B cells for isotype switching and antibody production. The epigenetic signature of B cells also overlaps with Crohn's disease finely mapped genetic risk single nucleotide polymorphisms significantly more than with UC. 24 Our data show that seropositivity for an immunodominant flagellin antigen can link to CDR3 sequences that are significantly expanded in Crohn's disease; when we activate peripheral CD4 T cells from an anti-A4 Fla2 antibody-positive Crohn's patient in vitro using polyclonal as well as A4 Fla2 antigen-specific stimulation, we significantly expanded a small number of antigen-reactive sequences, only two of which were found in our set of expanded CDR3 sequences in active Crohn's disease but four more of which were highly shared in Crohn's disease but at lower levels of expression even in the setting of active disease. Additional studies are needed to validate the strength of the association of T-cell antigen-specific reactivity with seropositive status. Clonotype isolation for antigen-specificity testing will be needed to indisputably link TCRβ CDR3 sequences to flagellin antigen peptide-MHC recognition. However, at present these data do not support the idea that responses to a very narrow group of flagellin antigens entirely explain IBD inflammation. The T-cell repertoire in active Crohn's disease, both in the lamina propria and in the blood, are expected to contain clonotypes that expand after interaction with cognate antigens characteristic of the disease-causing agent or following epithelial barrier injury and unrestrained antigen exposure. This clonotype expansion influences the diversity of the TCR repertoire and possibly provides a "fingerprint" of the antigen-driven T-cell response. Moreover, the antigen-specific aberrant B-cell response may identify high value antigens central to isolating diseaserelevant T cells. This would be particularly useful for comparing antigen-specific T cells (and especially identical CDR3 clonotypes) from Crohn's and UC patients. The sharing of TCRβ CDR3 sequences between Crohn's and UC patients may also provide another clue as to how these diseases are similar but also different. V chain and CDR3 sequence linkage differences, for instance, are consistent with fine-mapping of the MHC region that shows most IBD risk-associated HLA alleles have a preferential role in either Crohn's disease or UC. 35 The details of TCRα and β CDR3 pairing, V-J usage, MHC specificity, antigen processing, thymic vs peripheral clonotype selection, and effects of T-cell phenotype between Crohn's disease and controls and UC patients will provide an understanding of how such CDR3 sequence sharing can be observed in such different types of IBD. Furthermore, the differential contribution of shared vs private clonotypes to inflammatory responses in Crohn's disease, and whether they recognize a narrow group of antigen peptide-MHC complexes or a diverse antigen population will help determine their value as targets for innovative immunotherapies.
